Generation of H202 by rat liver mitochondria with choline, glycerol 1-phosphate and proline as substrates has been shown by using high-concentration phosphate buffer. 
less than those obtained for respective dehydrogenase activities, measured by dye reduction. Scavengers of O2-and OH inhibited generation of H202. ATP, ADP, thyronine derivatives and a number of phenolic compounds also showed very potent inhibitory effects on H202 generation, whereas phenyl compounds had no effect. Phenolic compounds did not have any effect on mitochondrial superoxide dismutase and choline dehydogenase activities as well as on O2-generation by the xanthine-xanthine oxidase system. Inhibition by phenolic compounds may have potential for regulation of the intracellular concentration of H202, that is now considered to have a 'second messenger' function.
Various animal cell organelles are known to produce H202 under aerobic conditions (Loschen et al., 1971; Hildebrandt & Roots, 1975; Bartoli et al., 1977) . Generation of H202 in mitochondria is now well recognized and is considered to be a process of physiological significance (Boveris et al., 1972; Boveris & Chance, 1973; Dionisi et al., 1975; Nohl & Hegner, 1978) . Succinate and NAD-linked substrates were found to act as electron donors in the generation of H202 and this process was insensitive to antimycin A (Boveris & Cadenas, 1975) . The auto-oxidizable component of the respiratory chain responsible for H202 generation was apparently located between sites sensitive to rotenone and to antimycin A (Cadenas et al., 1977) .
It was also shown that°2-is the precursor of H202 (Loschen et al., 1974) and the role of ubiquinone in the process has been delineated Cadenas et al., 1977) . Besides and an unidentified iron-sulphur centre, have been postulated to play a significant role in peroxide generation (Loschen et al., 1973; Erecinska & Wilson, 1976; Cadenas et al., 1977) . In higher-plant mitochondria, the flavoprotein of the ubiquinonecytochrome b region and NADH dehydrogenase were proposed as sites of 02-production (Rich & Bonner, 1978) . Removal of mitochondrial superoxide dismutase decreased H202 generation by submitochondrial particles, with simultaneous increase in°2-production . The presence of dismutase in the mitochondrial matrix (Weisiger & Fridovich, 1973) appears to be a physiological necessity to convert°2 -into H202 (Fridovich, 1975 
Mitochondrialpreparations
Male Wistar albino rats (90-120g) were used. They were fed Hindustan-Lever pellet diet. Food and water were given ad lib. After being stunned rats were killed by decapitation. Livers were homogenized in 10vol. of ice-cold 0.25M-sucrose solution in a Potter-Elvehjem homogenizer and mitochondria were obtained by the method reported previously (Kurup et al., 1970) .
Enzyme assays
Generation of H202 by rat liver mitochondria was measured by the scopoletin-horseradish peroxidase method of Loschen et al. (1971) . Routine assays were carried out in 045 M-KPO4 buffer (pH 7.6) containing mitochondria (0.3-0.6mg The dehydrogenase activities with various substrates were measured at 30°C by the use of dyes as previously described: succinate (Bernath & Singer, 1962) , choline (Rendina & Singer, 1959) and glycerol 1-phosphate (Ruegamer et al., 1964) . Mitochondrial superoxide dismutase activity was assayed by the method of Misra & Fridovich (1972) .
Generation of°2 -in the xanthine-xanthine oxidase system was measured as described by Fridovich (1970) . Mitochondrial protein was estimated by the biuret method with deoxycholate added for solubilization (Gornall et al., 1949) .
Results

Effect ofphosphate buffer concentration
Early in the present studies, we recognized that the 225 mM-mannitol/70mM-sucrose/35 mM-Tris buffer (pH 7.4-7.8), used by other workers (Loschen et al., 1971; Boveris et al., 1972; Rich et al., 1976; Boveris et al., 1976) , was not an appropriate one. Mannitol and Tris are known scavengers of OH (Torres et al., 1979) . By using this buffer various rates of H202 generation by mitochondria with succinate as the substrate have been reported ranging from 0.12 to 0.60nmol/min per mg of protein (Boveris et al., 1972 Rates with different substrates Rat liver mitochondria were found to be capable of generating H202 on oxidation of the substrates choline, glycerol 1-phosphate and proline, in addition to succinate (Table 3) . When succinate and choline-were added together, there was no additive effect on the rate of H202 generation, and in fact the rate was slightly lower than with either of the substrates. Rates with NADH and malate were small, and those with ascorbate and xanthine were Vm,x. were found to be low in the case of H202 generation compared with dye reduction.
Effect ofpH
H202 generation by rat liver mitochondria in 0.45M-potassium phosphate buffer increased 8-fold with the increase in pH from 7 to 8 (choline as substrate). Tris buffer gave very low activity compared with phosphate buffer at the equivalent pH, and the activity decreased to negligible values at>pH 9.0. Boveris & Chance (1973) showed that succinatedependent H202 production by mitochondria was optimal at pH 7.5, and the addition of uncoupler and antimycin A shifted the optimum pH to more alkaline values. Reasons for the discrepancy are perhaps use of antimycin A and a high concentration of phosphate in our system.
Effect ofions
In the standard reaction mixture carbonate, acetate, chloride or sulphate (33mM) had no effect whereas nitrite showed 70% inhibition of H202 generation. Lithium (1 mM), magnesium (0.33mM), calcium (0.13mM), zinc (0.33mM), aluminium (0.13 mM) and lead (0.5 mM) had no effect. Copper (both cuprous and cupric) inhibited H202 generation in mitochondria at concentrations as low as 3.0M (Fig. 3) . EDTA (1 mM) completely reversed this inhibition. Manganese (0.1 mM), a quencher of O2-also showed 50% inhibition (Fig. 4) . That the addition of 1 mM-FeSO4 to the assay medium abolished the generation of H202 by mitochondria under our conditions (data not shown) also indicated that the reaction under study was not a manifestation of a non-enzymic response of iron EDTA likely to be present in the buffer system.
Effect ofnucleotides
Generation of H202 was inhibited maximally by 0.3-0.5mM-ATP or -ADP (Fig. 5) , whereas AMP and cyclic AMP only caused marginal inhibition and UTP and adenosine (1 mM) did not have any effect. Boveris & Chance (1973) found no effect of ATP on H202 generation by pigeon heart mitochondria.
Effect ofradical scavengers Ascorbic acid, ferricytochrome c and Nitro Blue
Tetrazolium, known scavengers of 02- (Nishikimi, 1975; Torres et al., 1979) , inhibited mitochondrial H202 generation ( (Table 5) . They are known to react with OH and not with 2-or H202 (Torres et al., 1979 ). This inhibition is suggestive of involvement of OH' in the process of H202 generation. In the experiments on pH low activity in Tris buffer also indicated this. Histidine, a quencher of singlet oxygen (Lynch & Fridovich, 1979) , had only a marginal effect. Effect ofphenolic compounds on H202 generation We screened a number of phenyl and phenolic compounds for the effect on H202 generation in rat liver mitochondria (Table 6 ). Phenyl compounds (L-phenylalanine, phenylacetic acid, trans-cinnamic acid and anisic acid) did not have any effect whereas compounds with a hydroxy group in the phenyl ring at the m-(m-coumaric acid and m-hydroxybenzoic acid) or p-position (tyrosine, p-hydroxyphenylacetic acid, p-hydroxytryptophan and p-coumaric acid) were inhibitory. m-Coumaric acid was much less effective compared with p-coumaric acid. The presence of an additional methoxy or hydroxy group in the phenolic ring enhanced the potency (Table 6 ). Diphenolic compounds (e.g., catechol and noradrenaline) were inhibitory at concentrations as low as 0.5 pm.
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It was interesting to see that thyronine derivatives di-iodothyronine (T2), tri-iodothyronine (T3) and thyroxine (T4) also inhibited mitochondrial H202 generation (Fig. 6 ). All these compounds contain phenolic rings. Various other phenolic compounds (syringic acid, phloroglucinol, protocatechuic acid and dicoumarol) also inhibited H202 generation at low concentrations (data not shown).
Effect of phenolic compounds on mitochondrial superoxide dismutase, choline dehydrogenase and 02-formation by the xanthine-xanthine oxidase system L-Phenylalanine (0.6mM), tyrosine (0.3mM), phydroxyphenylacetic acid (0.3mM), trans-cinnamic acid (0.3mM), m-coumaric acid (0.3mM), pcoumaric acid (0.02 mM) and ferulic acid (0.006 mM) did not have any effect on the activity of mitochondrial superoxide dismutase (10.3 units of enzyme/ mg of mitochondrial protein). The generation of 02-" by the xanthine-xanthine oxidase system was also unaffected by phenyl and phenolic compounds at the concentrations mentioned above. Also, dehydrogenase activity with choline measured by the phenazine methosulphate-oxygen method (77nmol/ min per mg of protein) remained unchanged in the presence of p-hydroxyphenylacetic acid (0.1 mM), p-coumaric acid (7pM) or ferulic acid (2pM).
Discussion
The high-concentration phosphate-buffer system Wainio, 1970) and from this pool a small fraction of electrons are diverted to an as yet unidentified auto-oxidizable component proposed to be an iron-sulphur protein Cadenas et al., 1977) . This can pass electrons directly to molecular oxygen generating°2-and then to H202 by dismutation.
There is a possibility that two forms of the dehydrogenases with significantly different Km values are present in rat liver mitochondria. A form with a high Km is present in excess and channels the electrons to the main electron-transport chain and to cytochrome oxidase leading to the formation of water and accounts for the major oxidation found at high substrate concentrations. However, at low substrate concentrations, oxidation proceeds through the second form with the low Km and directs electron flow towards generation of H202. The possibility that two subunits with different Km values for the same substrate also exist is reminiscent of the 'half-of-the-sites' activity (see review by Lazdunski, 1972 (Fridovich, 1975;  02-+ H202 -OH +02+ OH-) but kinetic data have subsequently shown that this is too slow to be of significance (Halliwell, 1976) . Since this reaction occurs more rapidly when catalysed by iron EDTA, a mechanism of this type has been suggested as an alternative (Cohen, 1977; McCord & Day, 1978 Our results with phenyl and phenolic compounds show some interesting structural relationships. The presence of a hydroxy group in the phenyl ring is necessary for the inhibition. Compounds with the vinyl group in the side chain along with the phenolic ring (e.g. p-coumaric acid and ferulic acid) were more potent compared with those devoid of a double bond in the side chain (e.g. p-hydroxyphenylacetic acid and tyrosine). Also, m-coumaric acid was less effective than its p-isomer. The presence of an additional methoxy (ferulic acid and isoferulic acid) or hydroxy group (catechol and noradrenaline) in the phenolic ring enhanced the potency of the inhibition.
Another observation in the present study is that all the phenolic compounds did not affect mitocondrial choline dehydrogenase and superoxide dismutase or°2-generation by the xanthine-xanthine oxidase system. Therefore, the inhibition by these phenolic compounds must be localized to the step of coupling of electron transfer to the possible common H202-generator. The purported iron-sulphur protein centre, which couples electron transfer to oxygen, may then be the target of this inhibition by phenolic compounds. This selective inhibition can be exploited further and may be helpful in characterizing the H202-generator system in mitochondrial membranes. Several reports have appeared regarding the physiological role H202 might play in metabolic regulation (Crane et al., 1979; May & de Haen, 1979b; Mukherjee, 1980) . It has further gained importance because of its proposed role as 'second messenger' for the action of insulin (May & de Haen, 1979a,b) . Selective inhibition of H202 generation by phenolic compounds at very low concentrations, several of them being intracellular, might have a potential for metabolic regulation. This acquires additional significance in view of the observations that mitochondrial H202 generation responds to the altered status of thyroxine and thermogenesis in rats (A. Swaroop & T. Ramasarma, unpublished work).
